ABSTRACT In this paper, we describe a relatively simple lattice model of a two-component, two-state phospholipid bilayer. Application of Monte Carlo methods to this model permits simulation of the observed excess heat capacity versus temperature curves of dimyristoylphosphatidylcholine (DMPC)/distearoylphosphatidylcholine (DSPC) mixtures as well as the lateral distributions of the components and properties related to these distributions. The analysis of the bilayer energy distribution functions reveals that the gel-fluid transition is a continuous transition for DMPC, DSPC, and all DMPC/DSPC mixtures. A comparison of the thermodynamic properties of DMPC/DSPC mixtures with the configurational properties shows that the temperatures characteristics of the configurational properties correlate well with the maxima in the excess heat capacity curves rather than with the onset and completion temperatures of the gel-fluid transition. In the gel-fluid coexistence region, we also found excellent agreement between the threshold temperatures at different system compositions detected in fluorescence recovery after photobleaching experiments and the temperatures at which the percolation probability of the gel clusters is 0.36. At every composition, the calculated mole fraction of gel state molecules at the fluorescence recovery after photobleaching threshold is 0.34 and, at the percolation threshold of gel clusters, it is 0.24. The percolation threshold mole fraction of gel or fluid lipid depends on the packing geometry of the molecules and the interchain interactions. However, it is independent of temperature, system composition, and state of the percolating cluster.
INTRODUCTION
The thermodynamic parameters of DMPC/DSPC bilayers have been examined experimentally by a number of methods including differential scanning calorimetry (Mabrey and Sturtevant, 1976; van Dijck et al., 1977) , dilatometry (Wilkinson and Nagle, 1979) , neutron scattering (Knoll et al., 1981) , NMR (Lu et al., 1995; , ESR , Raman spectroscopy (Mendelsohn and Maisano, 1978) , and Fourier transformed infrared spectroscopy (Brumm et al., 1996) . The structural characteristics of the fluid and gel coexistence region have been examined experimentally in the mixed systems by FRAP (Vaz et al., 1989; Schram et al., 1996) , fluorescence spectroscopy (Piknova et al., 1996) , and ESR spectroscopy . These studies have established that DMPC/DSPC forms nonideal mixtures exhibiting positive deviations from ideality. The miscible type phase diagram has a broad gel-fluid coexistence region bordered by solidus and liquidus lines. The positive deviations from ideality imply that the minor phase forms small clusters in a continuum of the major phase (Von Dreele, 1978) . However, the clusters are too small to be detectable directly (Pedersen et al., 1996; . DMPC/DSPC two-component bilayers have been investigated theoretically using the phenomenological theory of regular fluids (Ipsen and Mouritsen, 1988; Brumbaugh et al., 1990; Brumbaugh and Huang, 1992) . Von Dreele (1978) used the statistical mechanical description of two-component mixtures to calculate the solidus and liquidus lines of the phase diagram, and like-like as well as like-unlike molecular contacts in the all-gel and all-fluid regions. Priest (1980) and Sugar and Monticelli (1985) have calculated the phase diagrams of a series of two-component phospholipid bilayers using the Landau theory of phase transitions. These models, in which the maximum term or mean-field approximations was used, did not provide information about the lateral distribution of the bilayer components, however.
Monte Carlo methods (Jan et al., 1984) have been used to simulate the lateral distribution of the components in the pure gel or fluid phase regions of DMPC/DSPC mixtures assuming one state and two-components. Jørgensen et al., (1993) applied a much more complex model to simulate the phase properties and the lateral distribution of components in the one-phase and the gel-fluid coexistence regions of DMPC/DSPC mixtures. The model assumed that each acyl chain could exist in 10 different states, with the interaction between the two lipid species dependent on the incompatibility of acyl chains of different hydrophobic lengths. Risbo et al. (1995) have studied the type of the gel-fluid transition in the same model by using Monte Carlo simulation in the grand canonical ensemble. Risbo and his coworkers pointed out that the gel-fluid transition in the pure DMPC or DSPC system is a continuous transition but a first order phase transition can be induced when small amounts of another species are mixed in the pure system.
The advantage of the Monte Carlo method is that both measurable and currently unmeasurable properties of the system can be simulated. Agreement between the simulated measurable properties and experimental results provides confidence that the unmeasurable quantities are correctly simulated.
In this work, DMPC/DSPC bilayers are described by a two-state, two-component model in canonical ensemble using a set of parameters derived from a limited amount of experimental data. This model is used to simulate the lateral distribution of the components in the pure phase or gel-fluid coexistence regions. After summarizing the bilayer model in the next section, and the steps of the Monte Carlo simulation in the following section, the strategy of parameter fitting is explained in Determination of The Model Parameter. Then, we present and discuss the results of the simulations carried out to investigate the type of the gelfluid transition at different mole fractions and configurational properties such as the average number of clusters in the minor phase, the size distribution of the clusters, the percolation frequency of the gel and fluid clusters at different temperatures and mole fractions, and the average concentration of DSPC in clusters of different sizes. A comparison is made between the characteristic features of the excess heat capacity curves and properties that are related directly to the bilayer configurations. Then, the conclusions of this paper are summarized.
LATTICE MODEL OF DMPC/DSPC BILAYERS
The model of symmetric bilayers described in this section is a straightforward generalization to two-component bilayers of our two-state model for one-component systems (Sugar et al., 1994 , Jerala et al., 1996 .
Lattice geometry, states, and configuration
A monolayer of the DMPC/DSPC bilayer is modeled as a triangular lattice of N lattice points (coordination number z ϭ 6). Each lattice point is occupied by one acyl chain of either DMPC or DSPC molecules representing component (1) or component (2), respectively. Nearest-neighbor pairs of similar acyl chains are interconnected forming either DMPC or DSPC molecules numbering N 1 /2 and N 2 /2, respectively. Every lattice point can exist in two states corresponding to the gel (g) and fluid state (l).
The lattice configuration can be characterized by a square matrix S and by a connection vector c each containing N elements. Each matrix element S ij represents a lattice point. In accordance with the triangular lattice geometry of the monolayer, the following six matrix elements are the nearest neighbors of the ijth matrix element S ij : S iϪ1,jϪ1 , S iϪ1,j , S i,jϪ1 , S i,jϩ1 , S iϩ1,j , and S iϩ1,jϩ1 . The possible values of a matrix element 1, 2, 3, and 4 refer to component 1 in the g-state, component 2 in the g-state, component 1 in the l-state and component 2 in the l-state, respectively. Vector c lists the lattice positions of the chemically connected pairs of acyl chains, i.e., c k is the location of the acyl chain connected to the acyl chain in the kth lattice point. The index ij of the S matrix elements and the index k of the c vector elements are in the following relationship:
In modeling the transition of one-component phospholipid bilayers, it is not necessary to take into consideration the connections between the acyl chains of the molecules (Jerala et al., 1996) . However, in the case of two-component phospholipid bilayers, the connections must be considered to calculate correctly the mixing entropy and percolation threshold concentration of the system. Note that, although by using the independent chain model we could calculate the excess heat capacity curve of DMPC/ DSPC mixtures in agreement with the experimental curve, the values of the model parameters were significantly different from those given in Table 1 .
Analysis of the configuration matrix S, can yield the number of the ith component in mth state (N i m ) and the number of pairs of nearest neighbor acyl chains (N ij mn ), where one of the chains is of component i in state m and the other chain is of component j in state n. Periodic boundary conditions are used to eliminate the effects of the lattice edges (Huang, 1963) .
Configurational energy and degeneracy
In this model, E i m , the intrachain energy of an acyl chain of component i in state m, is assumed constant and independent of location and orientation of the rotational isomers in the acyl chain. The degeneracy of the energy level of component i in state m is f i m . E ij mn is the interaction energy between component i in state m and component j in state n with a degeneracy f ij mn . Only nearest-neighbor interactions between the lattice points are considered because van der Waals interactions between the acyl chains are short-range. (Long-range dipole-dipole interactions between the molecules were originally incorporated into our model. However, in the case of DMPC/DSPC mixtures the effect of the dipole-dipole interaction on the calculated excess heat capacity curves was negligibly small.)
The energy of one layer of the bilayer in configuration S is 
Configurational probability
The probability of configuration S in thermodynamic equilibrium is p͑S͒ ϭ f͑S͒e 
The configuration-dependent part of this function plays a central role in the Monte Carlo simulation. Equation 4 can be reduced to Eq. 5 to obtain (S), the configuration-dependent part of (S) 
where
STEPS IN THE MONTE CARLO SIMULATIONS

Initial configuration
Each simulation starts from either an all-gel or all-fluid state. Initially, component (1) is assigned to the first N 1 lattice points, whereas component (2) is assigned to the remaining N 2 lattice points. Initially, the molecules are similarly oriented (i.e., the acyl chains on the first and second lattice points represent a phospholipid molecule), and, in general, the acyl chains on the 2k Ϫ 1th and 2kth lattice points are connected (i.e., c 2kϪ1 ϭ 2k).
Generation of trial configurations
During the Monte Carlo simulation, trial configurations of the two-component phospholipid bilayers are generated by means of three different elementary steps. In one step, the trial configuration is generated by changing the state of a randomly selected acyl chain from gel to fluid or from fluid to gel. This trial configuration generation, the Glauber method (Glauber, 1963) , is essential for the simulation of gel-to-fluid transitions of lipid bilayers. In another step, two randomly selected molecules of different lipid components are exchanged. Although this elementary, nonphysical step is different from the Kawasaki (1972) method, in which nearestneighbor molecules are exchanged, the attainment of the equilibrium of the lateral distribution of the bilayer components is faster (Sun and Sugar, 1997) . Finally, a pair of nearest-neighbor molecules are randomly selected. If the positions of the selected acyl chains define the nodes of a rhombus, then one of the chains and the chain on the opposite node are exchanged (Jerala et al., 1996) . This exchange involves a rotation of the respective molecules by Ϯ60°. A series of these elementary reorientations leads to the equilibrium distribution of the orientation of the molecules. Note that, like the exchange of different molecules, the reorientation step results in the lateral movement of the molecules. Thus, a series of reorientation steps is able to drive the system to equilibrium of the lateral distribution of the molecules. However, as mentioned above, the nonphysical steps of exchanging different molecules are also used to substantially accelerate convergence to the equilibrium distribution (Sun and Sugar, 1997) . A trial configuration, S trial , once generated, is acceptable when the following inequality holds,
If it is not, the original configuration, S orig , is retained. In Eq. 9, RAN is a pseudorandom number, distributed homogeneously in the interval (0, 1). This method of decision making drives the system toward thermodynamic equilibrium, the Boltzmann distribution over the configurations, independently of the choice of the initial configuration (Sun and Sugar, 1997) .
Defining the Monte Carlo cycle
In a Monte Carlo simulation, a chain of elementary steps generating trial configurations is repeated. During this chain of elementary steps, the Monte Carlo cycle, the system has the opportunity of realizing all of its configurations one time. N elementary steps of local state alteration give the opportunity of realizing any of the 2 N acyl chain states of the lattice. By exchanging different molecules (N/2)!/[(N 1 /2)! (N 2 /2)!], different arrangements of the molecules can be created. Any one of these arrangements can be realized by repeating the elementary steps of exchange of different molecules N 1 /2 times (or N 2 /2 times if N 2 Ͼ N 1 ).
An acyl chain at the ith lattice point is connected with one of the six nearest-neighbor acyl chains. Assuming independent orientations of the molecules, 3 N/2 is the total number of different orientations in the lattice. In reality, the orientations of the molecules are coupled, and thus the number of possible orientations in the bilayer is much smaller. The probability that any selected lipid molecule has a neighbor that can participate in a reorientation step is 0.75 on a lattice with randomly oriented molecules (Jerela et al., 1996) . After N/2/0.75 reorientation steps, about 50% of the molecules have an opportunity to change orientation by ϩ60°, while the other half of the molecules can change orientation by Ϫ60°. Each orientation is accessible for each molecule at least once after performing 2(N/2/0.75) ϭ 4N/3 reorientation steps.
Global state alteration
In principle, the equilibrium distribution of the system is attainable after many Monte Carlo cycles. In practice, however, the system could be trapped during the time of the simulation in one of the energy minima dependent on the initial configuration. Accelerated convergence to the equilibrium distribution can be obtained by incorporating nonphysical, shuffling operations into the algorithm (Sun and Sugar, 1997) . We incorporated a shuffling operation at the end of each Monte Carlo cycle, to provide the opportunity of altering the state of every acyl chain from gel to fluid and from fluid to gel.
In our Monte Carlo simulations, we first ran 6000 Monte Carlo cycles and then collected data from the next 6000 cycles to estimate the equilibrium averages of lattice energy, cluster size, number of clusters, and percolation frequencies of gel and fluid clusters (Sugar et al., 1994) . After determining the average lattice energy at fifty different temperatures, the excess heat capacity curve was obtained from the numerical derivative of the calculated energy curve. In an alternative method, the variance of the energy at different temperatures was calculated to obtain directly the excess heat capacity curve (Sugar et al., 1994) . This method is more time consuming, however, because convergence to the equilibrium value of the energy variance is an order of magnitude slower than convergence to the energy average (Mezei and Beveridge, 1986) . In the case of our simulation protocol, the two methods resulted in essentially the same excess heat capacity values.
DETERMINATION OF THE MODEL PARAMETERS
The (S) function, Eq. 5, contains 10 unknown model parameters: ⌬E 1 , ⌬E 2 , ⌬S 1 , ⌬S 2 , w 11 gl , w 22 gl , w 12 gg , w 12 ll , w 12 gl , w 21 gl . The model parameters have been determined by the following strategy. Parameters ⌬E 1 and ⌬E 2 were estimated by means of the integral of the measured excess heat capacity curves of single component DMPC and DSPC MLV's, respectively. The low and high temperature limits of integration were specified as those temperatures at which the experimental heat capacity curve deviated from the high and low temperature base lines. At the maxima of the calculated Sugar et al.
Simulation of DMPC/DSPC Bilayersexcess heat capacity curves of the one-component systems at the respective measured temperatures of the heat capacity maxima, T m1 and T m2 , the model parameters should satisfy the following two constraints: ⌬S 1 Ϸ ⌬E 1 /T m1 and ⌬S 2 Ϸ ⌬E 2 /T m2 . These approximate relationships can be derived when the parameters w 11 gl and w 22 gl are equal to zero and 2kT mi Ͻ Ͻ ⌬E i (see Appendix). In the case of a DSPC bilayer, the above approximation results in an error of about 3% in the value of ⌬S 2 . The remaining two parameters of the one-component systems, w 11 gl and w 22 gl , were estimated by comparing the experimental excess heat capacity at T mi of each onecomponent system with a series of excess heat capacities calculated at different values of the respective w ii gl parameter. The parameters resulting in a good fit of the entire heat capacity curve are listed in Table 1 .
In Table 1 , the parameters, w 11 lg ϭ 323.45 cal/mol-chain and w 22 lg ϭ 352.32 cal/mol-chain, are about 20% larger than the value of the parameters obtained from similar analysis of the excess heat capacity curve of DPPC SUV (Sugar et al., 1994; Jerala et al., 1996, Heimburg and . The somewhat larger value obtained here is the result of higher cooperativity associated with the gel-fluid transition of MLV as evidenced by the narrower excess heat capacity function.
The positions of the high-and low-temperature peaks in the excess heat capacity curves for the binary mixtures are strongly related to the values of the parameters w 12 gg and w 12 ll . In the case of a 60/40 mixing ratio, the calculated low-and high-temperature peaks in the excess heat capacity curves were obtained in agreement with the observed peak positions by assuming w 12 gg ϭ 135 cal/mol-chain and w 12 ll ϭ 80 cal/mol-chain. This result shows that the pure fluid phase is closer to an ideal mixture than the pure gel phase, as expected.
The values of the remaining two parameters, w 12 lg and w 12 gl were estimated simultaneously, by comparing the calculated excess heat capacity curve, obtained with different pairs of the parameter values, with the experimental excess heat capacity curve at a mixing ratio of 60/40. In Fig.  1 A, the calculated and experimental excess heat capacity curves are shown at a DMPC/DSPC mixing ratio of 60/40. The parameters used in this and all the subsequent simulations are listed in Table 1 . In estimating these parameters, it was assumed that the w ij mn parameters are independent of temperature. We note that the method suggested by Ferrenberg and Swendsen (1988) In respect to the reliability of the estimated parameter values, we emphasize the following points.
1. In our model, three parameters are required to describe the heat capacity curve of a pure lipid bilayer: the energy change, ⌬E i , the entropy change, ⌬S i and the parameter, w ii gl . The first is estimated by the integral of the heat capacity curve, and the second is estimated from the energy change and temperature at the position of the maximum of the heat capacity curve, both experimental parameters. The experimental error of the transition enthalpy is less than 10%. Because the error of the temperature measurement is very small, the error of the transition entropy is also less than 10%. The third parameter, w ii gl is the only adjustable parameter and is very robust in terms of precisely defining the height and shape of the heat capacity curve. For example, changes in w ii gl by less than 10% can produce a four-fold change in the maximum value of the heat capacity curve. The experimental error in the maximum value of the excess heat capacity curve is less than 5%. 2. For analysis of the mixed systems, ten parameters are required, six of which are defined by analysis of the two pure systems, whereas the other four were determined by two separate exhaustive searches with a single mixed system. The parameter search was manageable because w 12 gg and w 12 ll parameters are largely uncorrelated with w 12 gl and w 12 lg parameters as far as their effect on the shapes of the heat capacity curves, and thus, separate exhaustive searches could be made for the values of these two pairs of w parameters. After these four parameters were estimated, their adequacy to reproduce the heat capacity curves for nine mixtures ranging from 10% to 90% DSPC was tested. If satisfactory agreement was achieved, the parameters were assumed to be correct. It should be noted that a change of Ϯ5 cal/mol-chain in any of these four parameters did not alter significantly the shape of the simulated heat capacity curves. It appears that the set of parameters deduced for this system is unique and quite robust.
To eliminate finite size effects in our simulations, we choose lattices larger than a minimum size. Above the minimum size, the calculated excess heat capacity is practically independent from the lattice size. After performing simulations at different lattice sizes, the following minimum sizes were obtained: 300 ϫ 300 for DMPC, 50 ϫ 50 for DMPC/DSPC (90/10) mixture, 30 ϫ 30 for DMPC/DSPC (80/20 and 10/90) mixtures, 100 ϫ 100 for DSPC and 20 ϫ 20 for every other mole fraction. By taking into consideration these minimum lattice sizes in the subsequent simulations, the following lattice sizes were used: 350 ϫ 350 for DMPC; 300 ϫ 300 for DSPC; 100 ϫ 100 for DMPC/DSPC mixtures of mixing ratios FIGURE 1 Experimental and calculated excess heat capacity curves and phase diagrams of DMPC/DSPC mixtures. (A) Excess heat capacity curves. Dotted line, experimental excess heat capacity curve of DMPC/ DSPC (60/40) mixture; ⅜, calculated values. All calorimetric scans were performed on a home-made high sensitivity scanning calorimeter (Suurkuusk et al., 1976) at scan rates from 0.1 to 5°C/h. In this scan, the lipid concentration was 20 mM with a scan rate of 5°C/h. To obtain the calculated excess heat capacity, the variance of the lattice energy E was determined at each temperature and then the following equation was used:
where R ϭ 2 cal/mol-chain/deg. The determination of the completion temperature of the gel-to-fluid transition is also shown. A straight line is fitted to the inflection point of the excess heat capacity curve close to the completion of the transition (dashed line) and its intercept with the baseline defines the completion temperature (arrow). Model parameters are listed in Table 1 
RESULTS AND DISCUSSION
By using the model parameters listed in Table 1 , one can simulate the excess heat capacity curves at different DMPC/ DSPC mole fractions. The predictability of various curves is evidenced by the comparison of the observed and calculated temperatures at the maxima of the excess heat capacity curves (Table 2 ) and by the comparison of the observed and calculated temperatures at the onset and completion of the transition (Fig. 1 B) . Commonly, the onset and completion temperatures are determined from the experimental heat capacity curves at different mole fractions to construct the solidus and liquidus curves of the phase diagram. The determination of the completion temperature from the excess heat capacity curve is defined in the legend to Fig. 1 A. 
The type of the transition
The type of the transition can be determined from the distribution function of the fluctuating extensive parameters of the system. The transition is a continuous transition or a first order phase transition if, at the mid-point of the transition, the distribution function is unimodal or bimodal, respectively.
In this work, the bilayer is modeled by a canonical ensemble, in which the internal energy is the only fluctuating extensive variable. At every DMPC/DSPC mole fraction, the simulations show that, with increasing lattice size, the bimodal energy distributions become unimodal (Fig.  2 A-C) , and thus, in the thermodynamic limit (infinite lattice size) it appears that the gel-fluid transition is a continuous transition. In Fig. 2 D , the lattice size, where the bimodal distribution turns into unimodal, is plotted against the mole fraction. It is important to note that this lattice size value is similar to the minimum lattice size, introduced in the previous section. Risbo et al. (1995) have studied the type of the gel-fluid transition in DMPC/DSPC systems by using Monte Carlo simulation in the grand canonical ensemble. In contrast to our result, in Risbo's system, first-order phase transition can be induced when small amounts of another species are mixed in the pure system, i.e., the equilibrium distribution functions of the DMPC/DSPC mole fraction as well as the lattice energy are bimodal. This means that the initially similar composition of the DMPC/DSPC vesicles becomes very different when equilibrium is attained. We think that the canonical description is more appropriate because, within the time frame of the calorimetric experiments, the exchange of lipids between vesicles practically does not occur. The exchange rate is on the order of many hours to days (Wimley and Thompson, 1990 ). Fig. 3 A and B show the temperature dependence of the average number of DMPC and DSPC chains, respectively, in the fluid state for mixtures of different composition. The temperatures at the steepest sections of these sigmoidal melting curves, T N 1 l and T N 2 l are listed in Table 3 . There is excellent agreement between these temperatures and the respective peak positions of the calculated excess heat capacity curve (T peak1 , T peak2 ). Because the peak positions of the calculated and experimental heat capacity curves are in close agreement (Table 2) , the temperatures of steepest melting of the components of the bilayer can thus be predicted from the experimental heat capacity results.
Gel-to-fluid transition in DMPC/DSPC mixtures
In Fig. 4 Table 3 . There is, again, excellent agreement between these temperatures and the respective peak positions of the calculated excess heat capacity curves (T peak1 and T peak2 ).
The ͗N 11 gl ͘, ͗N 22 gl ͘, ͗N 12 lg ͘, and ͗N 12 gl ͘ curves have maxima at temperatures T N 11 gl , T N 22 gl , T N 12 lg , and T N 12 gl , respectively. T N 11 gl is in agreement with the position of the first peak, T peak1 , whereas T N 12 gl agrees with T peak2 in the range of DSPC mole fraction from 0.4 to 1. The position of the maximum of ͗N 12 lg (T)͘ is consistently between the peak positions of the excess heat capacity curve at any mole fraction.
Many processes occur in lipid bilayers that may be the result of defects in the packing of the component molecules (see citations of Wimley and Thompson, 1991) . These include interbilayer, transbilayer lipid exchange, and membrane permeability of small polar molecules. In the gel- *T peak1 and T peak1 exp , calculated and experimental temperature at the low-temperature peak of the excess heat capacity curve; T peak2 and T peak2 exp , calculated and experimental temperature at the high-temperature peak of the excess heat capacity curve. # Temperatures at shoulders of the excess heat capacity curves.
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Simulation of DMPC/DSPC Bilayersfluid coexistence region, formation of packing defects is most probable along the gel-fluid interface. In Fig. 4 , the sum of ͗N 11 gl ͘, ͗N 22 gl ͘, ͗N 12 lg ͘, and ͗N 12 gl ͘ is plotted against the temperature (ϫ). This sum should be directly proportional to the total length of the interface between gel and fluid clusters, which has been assumed to be related to the permeability of small polar molecules across the lipid bilayer (Marsh et al., 1976; Cruzeiro-Hansson and Mouritsen, 1988; Clerc and Thompson, 1995) .
Lipid compositions in the gel-fluid coexistence region
The mole fraction of DSPC chains in the fluid, X 2 l , and in the gel state regions, X 2 g , can be calculated from the melting curves in Fig. 3 as
where Fig. 5 A and B , the calculated X 2 l (T) and X 2 g (T) curves are shown at different DSPC mole fractions. At low temperatures the composition of the gel clusters is similar to the total composition (X 2 g Ϸ X 2 ), whereas at high temperatures, the composition in the fluid clusters is similar to the total composition (X 2 l Ϸ X 2 ). At temperatures where the above approximations fail, the gel-to-fluid transition takes place.
Below the transition temperature of DMPC, the DMPC/ DSPC mixtures exist in the gel state (i.e., X 2 g Ϸ X 2 ). With increasing temperature, primarily DMPC melting takes place first, resulting in a sudden increase of X 2 g . The increase of X 2 g , however, lessens and then starts to decrease at the temperature where DSPC melting becomes more intense.
The situation is just the opposite for the solidification process when DSPC freezing takes place first, resulting in a sudden decrease of X 2 l . The decrease of X 2 l lessens and then starts to increase at the temperature where DMPC freezing becomes more pronounced.
It is important to note that, in a two-component system, the transition is a first-order phase transition if the composition in either the gel (X 2 g ) or fluid state region (X 2 l ) remains constant when the total mole fraction (X 2 ) is changed while the temperature is kept constant. This property of the first-order phase transition results in the lever rule, a linear relationship between the mole fraction X 2 and fractional completion of the phase transition. In the DMPC/ DSPC binary mixture, at any given temperature, X 2 g and X 2 l are increasing functions of the total mole fraction, X 2 (Fig.  5) , i.e. there are no horizontal sections of these functions, and thus the lever rule, at best, is only approximately valid.
Cluster statistics
The snapshots were analyzed after every Monte Carlo cycle using a cluster counting algorithm (Stauffer, 1985; Sugar et al., 1994) to obtain the cluster size distributions, cluster numbers, and percolation frequencies. Fig. 6 shows the size distributions of gel clusters at three different temperatures. The size distribution of the gel clusters is unimodal (ϫ) above the percolation thresholds temperatures of the gel clusters, T perc g . These temperatures, at different mole fractions, are listed in Table 4 . Above the percolation threshold temperature, the bilayer contains only small clusters. Large, gel clusters appear in the bilayer below the percolation threshold temperature (ⅷ and ⅜) and the cluster size distribution is bimodal.
The situation is just the opposite for the size distribution of fluid clusters (results are not shown). Below the percolation threshold temperature of fluid clusters, T perc l (Table  4) , the size distribution is unimodal with a peak at small cluster size. Above the percolation temperature, however, an additional peak appears at large cluster sizes, i.e., the cluster size distribution becomes bimodal.
The integral of the size distribution provides the average number of clusters in the lattice. In Fig. 7 , the average numbers of gel and fluid clusters are plotted against the temperature. With decreasing temperature, the number of gel clusters increases up to a maximum, at 322 K. Below this temperature, the number of gel clusters starts to decrease because the clusters coalesce forming eventually a large gel cluster. With increasing temperature, the number of fluid clusters increases to a maximum at 302 K. Above this temperature, the coalescence of fluid clusters dominate over cluster formation and the number of clusters starts to decrease. It should be noted that, at temperatures at which it is generally assumed that the system exists in a single structural state (e.g., 280 K for the gel and 350 K for the 325.0 -*T peak1 , calculated temperature at the low-temperature peak of the excess heat capacity curve; T peak2 , calculated temperature at the high-temperature peak of the excess heat capacity curve; T N 1 l , temperature at the steepest melting of DMPC chains; T N 2 l , at the steepest melting of DSPC chains; T N 12 gg , at the steepest decrease of ͗N 12 gg (T)͘; T N 11 gl at the maximum of ͗N 11 gl (T)͘; T N 12 gl at the maximum of ͗N 12 gl (T)͘; T N 12 lg at the maximum of ͗N 12 lg (T)͘; T N 22 gl at the maximum of ͗N 22 gl (T)͘; and T N 22 l l at the steepest increase of ͗N 12 ll (T)͘. # Temperatures at shoulders of the excess heat capacity curves. § When the extremum is broad, the respective temperature range is listed. ¶ When the curve has two points of inflection, the respective two temperatures are listed. 
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Simulation of DMPC/DSPC Bilayersfluid state), the average number of clusters of the minor component is still significant. This is indicative of lateral density heterogenities existing far from the transition range.
When the cluster size distribution is bimodal on the average, there is only one very large cluster in the lattice. A large cluster is percolated if it spans the lattice either from the top to the bottom or from the left to the right edge. The frequency of the appearance of a percolated cluster at the end of each Monte Carlo cycle is the percolation frequency. In Fig. 8 A, and B, the percolation frequencies of fluid and gel clusters are plotted against the temperature at different mixing ratios. The percolation threshold temperatures of the fluid and gel clusters, T perc l and T perc g listed in Table 4 are in good agreement with the peak positions of the excess heat capacity curve T peak1 and T peak2 , respectively. The temperatures, T perc0.36 g , where the percolation frequency of the gel clusters is 0.36, are also listed in Table 4 at different mole FIGURE 5 DSPC mole fractions in the gel and fluid regions. The dotted lines were calculated from the melting curves in Fig. 3 A and B by means of Eqs. 10 and 11. Each curve is labeled by the respective total DSPC mole fraction X 2 (ϭ N 2 /N). The determination of the percolation threshold temperature is similar to that of the completion temperature of the transition (see the legend to Fig.  1) . A straight line is fitted to the inflection point of the percolation frequency curve (Fig. 8 ) and its intercept with the zero frequency line defines the percolation threshold temperature. *T peak1 , calculated temperature at the low-temperature peak of the excess heat capacity curve; T peak2 , calculated temperature at the high-temperature peak of the excess heat capacity curve; T perc l , calculated percolation threshold temperature of fluid clusters; T perc g , calculated percolation threshold temperature of gel clusters; T perc0.36 g , temperature at which the percolation frequency of gel clusters is 0.36; T FRAP , threshold temperature from the FRAP experiment (Vaz et al., 1989) . # Temperatures at shoulders of the excess heat capacity curves.
fractions. T perc0.36 g is in excellent agreement with the threshold temperature, T FRAP , obtained from FRAP experiments (Vaz et al., 1989) at mole fractions from 0.3 to 0.7 (Fig. 8 D) .
Although the percolation threshold temperature depends on both the mixing ratio and the state of the clusters (Table  4) , the percolation threshold mole fraction is independent of these factors. This is demonstrated in Fig. 8 C where the percolation frequency curves of Fig. 8 B are replotted showing the percolation frequencies against the mole fraction of gel lipid. From Fig. 8 C, the percolation threshold mole fraction of gel lipid is 0.24. At a percolation frequency of 0.36, which is the percolation frequency at the FRAP threshold temperatures, the mole fraction of the gel lipid is 0.34. If the results in Fig. 8 A are plotted against the mole fraction of fluid lipid, a curve identical to Fig. 8 C is obtained (results are not shown) and thus the percolation threshold of the fluid clusters is at a mole fraction of fluid lipid of 0.24. We note that, in agreement with the exact results of the percolation theory (Stauffer, 1985) , the percolation threshold mole fraction is 0.5 when the chains are not chemically connected and every w ij kl parameter is equal to zero. In summary, the percolation threshold mole fraction of gel or fluid lipid depends on molecular properties such as packing geometry and interchain interactions, whereas it is independent of thermodynamic properties such as tempera- ture, system composition, and the state of the percolating cluster.
The average size of the small gel and fluid state clusters exhibit a maximum at their respective percolation threshold temperature, T perc g and T perc l (results not shown). At a mixing ratio of 50/50, the average size of the small gel and fluid clusters is in the range from zero to six chains. However, the size distribution of small clusters is rather broad, especially at the percolation threshold temperatures. Approaching the percolation threshold, the average size of the large cluster linearly decreases and, at the percolation threshold temperature, the large cluster ceases to exist. The linear relationship between temperature and the average size of the large cluster breaks down at cluster sizes comparable with the lattice size, e.g., at a mixing ratio of 50/50, the linear relationship breaks down at about 303 K and 317 K for the large gel and fluid cluster, respectively.
It is important to mention that both the cluster size and cluster number increase with the lattice size but we will not discuss these scaling properties here. However, at infinite lattice size, the initial tail of the percolation frequency curves disappears and the slope of the curves becomes discontinuous at the percolation threshold (Stauffer, 1985) .
The average mole fraction of DSPC acyl chains in gel and fluid clusters is plotted against the cluster size in Fig. 9 A, and B, respectively. For comparison, the DSPC mole fraction in the gel and fluid state region, X 2 g and X 2 l , is marked by an arrow on the vertical axis of the figures. (Although the quantitative aspects of the DSPC mole fraction as a function of gel cluster size will depend on lattice size, the qualitative feature of the result depicted in Fig. 9 A should be independent of lattice size. For example, with increasing lattice size, the peak position will increase.) In small gel clusters, the DSPC mole fraction increases with increasing cluster size, whereas it decreases in the large gel clusters with increasing cluster size (Fig. 9 A) . However, in small fluid clusters, the DSPC mole fraction decreases with increasing cluster size, but it increases in the large, fluid clusters with increasing cluster size (Fig. 9 B) . These characteristic cluster size dependences are related to the inhomogeneous distribution of the components in the different cluster types.
The inhomogeneous distribution of the components in the gel and fluid clusters
One can classify acyl chains forming a gel or fluid cluster as either inner or peripheral chains. An inner chain is surrounded exclusively by acyl chains of the same cluster, whereas, among the nearest neighbors of a peripheral chain, there is at least one acyl chain that is not an element of the cluster. The largest gel and fluid clusters were analyzed at the end of each Monte Carlo cycle to determine the number of inner and peripheral points of the cluster (C i and C p , respectively), and the number of DSPC chains among the inner and peripheral points (C 2 i and C 2 p , respectively). The The standard deviation of 6000 data is shown. The standard error of the mean is S.D./ ͌ 6000. *C (ϭ C i ϩ C p ), the number of chains in the largest cluster; C 2 ( ϭ C 2 i ϩ C 2 p ), the number of DSPC chains in the largest cluster.
averages and standard deviations obtained from the analysis of 6000 snapshots of a 50/50 DMPC/DSPC mixture of three different temperatures are listed in Table 5 . This analysis shows that the mole fraction of DSPC acyl chains is significantly larger inside than at the periphery of the gel clusters (Table 5 ). This nonuniform distribution of the components explains the cluster size dependence of cluster composition. As the gel cluster grows, the perimeter-to-area ratio decreases, resulting in an increase in the mole fraction of DSPC chains in the gel cluster. At some maximum size, the number of DSPC molecules available to cluster growth will become limiting and any further growth be dominated by condensation of DMPC molecules onto the cluster. This will result in a reduction of the mole fraction of DSPC chains in the gel cluster. The converse is true for the growth of fluid clusters. The physical reason for the inhomogeneous distribution of the components in the gel and fluid clusters is in the nonideality of the DMPC/DSPC mixture. Random distributions can be achieved only when every w ij kl parameter is zero. Note that Jørgensen et al. (1993 Jørgensen et al. ( , 1996 , using a 10-state model, simulated the lateral distribution of the components in DMPC/DSPC mixtures. These authors described a similar inhomogeneous distribution of the components in the gel clusters. Also, in agreement with our above conclusion, they note that the inhomogenity becomes more pronounced as the degree of nonideal mixing increases.
CONCLUSIONS
A simple two-component, two-state lattice model is sufficient to simulate the excess heat capacity curves of DMPC/ DSPC mixtures in quantitative agreement with the observed data. At every DMPC/DSPC mole fraction investigated, the temperature-induced gel-fluid transition appears to be a continuous transition in the thermodynamic limit. The temperature characteristics of the configurational properties, such as the percolation threshold temperatures or temperatures at the steepest melting of the bilayer components, correlate well with the temperatures at the maxima of the excess heat capacity curves rather than with the onset and completion temperatures of the gel-fluid transition. In the gel-fluid coexistence region, we also found excellent agreement between the threshold temperatures at different system compositions detected in FRAP experiments and the temperatures at which the percolation probability of the gel clusters is 0.36.
